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Deep energy retroﬁts (DER) for residential housing have been proposed to reduce greenhouse gas
emissions; these result in ~50% additional energy efﬁciency compared to standard, energy star (ES),
renovations. However, the impact of increased energy efﬁciency on indoor air quality (IAQ) is poorly
understood. We conducted a longitudinal study to compare IAQ and occupant comfort in 12 low income
single-family homes renovated to a DER or ES standard. Quarterly visits were conducted for a median of
18 months post-renovation; IAQ was assessed in 4 rooms per visit for a total of 237 measurements.
Multivariable regression models accounted for repeated measurements and controlled for house- and
family-related covariates. In fully adjusted models, average difference (95% conﬁdence interval) in IAQ
parameters in DER homes versus ES homes were: temperature: 0.3 C (1.2, 0.6); relative humidity:
0.4% (1.1, 1.8); carbon dioxide: 43.7 ppm (18.8, 106.2); and total volatile organic compounds: 198 ppb
(224, 620). Residents in DER homes were signiﬁcantly less likely to report their homes were
comfortable, most likely due to initial difﬁculties with new heating system technology. We found no
differences in IAQ between DER and ES homes; however, education is strongly recommended when
incorporating new technology into residences.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Reduction of greenhouse gas emissions is an important strategy
to mitigate global climate change. One method to reduce emissions
is through improving energy efﬁciency of buildings, as building
energy use contributes 20e40% of all greenhouse gas emissions
[1,2]. However, there is substantial concern that methods to in-
crease energy efﬁciency, such as increased air tightness, may also
lead to worse indoor air quality (IAQ) [3,4]. Poor IAQ has been
associated with development or exacerbation of respiratory dis-
eases including asthma and chronic obstructive pulmonary disease
[4e8]. Thus, attaining clean indoor air is an important public health
goal [9]. Modeling studies suggest that both improved efﬁciency as
well as good IAQ can both be achieved; but, a key factor is ensuring
that adequate ventilation is supplied [1,10e12]. However, there is, Purdue University, 550 Sta-
07, USA.
.
Ltd. This is an open access article ulimited data on whether this is achieved in practice, and even less
for extremely efﬁcient homes, such as deep energy retroﬁt or net
zero energy homes [3,13e16].
Several studies have explored the relationship between energy
efﬁcient homes and occupant health. The majority report energy
efﬁcient homes are associated with health beneﬁts [17e24],
although Sharpe and colleagues report higher physician-diagnosed
adult asthma cases among those living in energy efﬁcient dwellings
[25]. A recent meta-analysis by Maidment and colleagues found a
small, but statistically signiﬁcant improvement in health associated
with energy efﬁcient housing, but also acknowledge the need for
additional research in this area [26].
Fewer studies to date have included data on air quality, with
somewhat mixed results. Jones et al. compared air quality in one
new and one recently renovated energy efﬁcient housing de-
velopments with an existing housing development in Chicago;
although carbon dioxide, carbon monoxide, formaldehyde, total
volatile organic compounds, and particulate concentrations were
higher in the efﬁcient developments all measurements were well
within recommended IAQ guidelines [22]. Two energy efﬁcientnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
E.M. Wells et al. / Building and Environment 93 (2015) 331e338332single-family homes in France did not demonstrate any air quality
issues three years post-renovation [27]. Frey et al. measured IAQ
before, during, and after efﬁciency renovations in senior housing in
Arizona; they found signiﬁcant decreases in formaldehyde, but not
particulates or other aldehydes [28]. Colton et al. found statistically
signiﬁcant reductions in particulate matter, nitrogen oxide, and
nicotine in energy efﬁcient apartments compared to controls [19].
However, the impact of a newer advancement in energy efﬁ-
ciency retroﬁts, the deep energy retroﬁt strategy, has not been
thoroughly evaluated in terms of IAQ and health. A recent report
from France found reductions in small particles, radon, and some
volatile organic compounds but increases in other volatile organic
compounds when comparing air quality among seven newly con-
structed, highly efﬁcient homes with the national averages [29].
This initial work is promising, but limited: more work needs to be
conducted to fully understand the implications of highly efﬁcient
homes on indoor air quality [15,30].
Therefore, the goal for this project was to compare IAQ and
occupant comfort for one year among low-incomehomes renovated
using Energy Star (ES) and Deep Energy Retroﬁts (DER) renovation
methods. ES renovations generallyachieve ~50% reduction in energy
use compared to typical existing houses, whereas DER renovations
typically result in a ~70% reduction compared to typical existing
houses [30,31]. Ventilation requirements for both renovation types
were designed to meet American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE) standards [32]. Our hy-
pothesis was that there would be no difference in air quality or
comfort between these two types of energy efﬁcient renovations
and that these would be comfortable places to live.
2. Methods
In order to evaluate our hypothesis, we completed a longitudinal
study which assessed indoor air quality and self-reported occupant
comfort comparing homes renovated using either ES (n¼ 6) or DER
(n ¼ 6) approaches. Renovation methods were based on existing
Energy Star guidelines [33] and deep energy reduction principles
[34]; thesewere further adapted for this study as described in detail
previously [35] and summarized in Table 1. Brieﬂy, all renovations
incorporated increased insulation, improved thermal barriers and
incorporation of energy efﬁcient appliances; although DER im-
provements were designed to exceed the efﬁciency of ES homes
(i.e., ACH50 of 5 in ES versus  3 in DER). ES homes used an
exhaust-only ventilation system using continuously running
bathroom fans whereas DER homes used energy recovery ventila-
tors to provide a balanced ventilation system. Both ventilation
systems were designed to meet air exchange requirements
described by ASHRAE 62.2 [32]. Standard furnaces were installed
into ES homes; in contrast, all DER homes had air source heat hadTable 1
Renovation design speciﬁcations.
Design parameter Deep energy reduction
ACH50 3
ACH 0.2
HERS score 60
Basement Insulation R10 to R20
Wall insulation R23 to R40
Roof insulation R50 to R60
Thermal barrier Contiguous alignment of thermal an
Ventilation type Energy recovery balanced ventilation
Furnace type Air source heat pump, <40 k Btu; so
a backup 98% efﬁcient tankless hot w
Heating load, Btu/hr/ft2 <12
Reduction of heating load, % 75
ACH ¼ air changes per hour; ACH50 ¼ air changes per hour at 50 Pa of pressure; HERS ¼pumps for heating and cooling, with back-up heating systems
speciﬁed and provided. In three DER homes the air source heat
pumps were tied to a ducted system; in the other three, the pumps
were used with single point, non-ducted mini-splits.
All twelve homes included in the study were low-income,
approximately 100 year-old single family houses located in Cleve-
land, Ohio, USA. Homes were American Colonial or Bungalows,
detached with 1e2 stories and basements. Cleveland is located on
the southern shore of Lake Erie, which inﬂuences its climate.
Typical outdoor temperatures in Cleveland range from 2.2 C in
January to 23.1 C in July; average annual precipitation is 105.7 cm
and snowfall is 173.0 cm [36]. However, the study period
(2011e2013) was somewhat warmer and had more precipitation
than average; thus, winter heating loads were lighter than normal.
All homes were scheduled to undergo gut renovation to ES
standards by Cleveland Housing Network, a not-for-proﬁt afford-
able housing developer. Through inclusion in this study six of these
homes were further renovated to DER standards. Assignment of
homes to the more energy efﬁcient DER guidelines was based on
consideration of the feasibility and cost; i.e., smaller homes are
more readily renovated to meet DER standards. Following renova-
tion, homes were available to occupants through a lease-purchase
program where occupants have the option to purchase the home
following 15 years of occupancy.
2.1. Study population and visits
The study was advertised through ﬂyers posted at Cleveland
Housing Network's ofﬁce and website. Other homes, also renovated
to ES standards, were available for individuals who did not wish to
participate in the study. Any individual eligible to enter a lease-
purchase agreement was eligible to participate in this study.
Eligibility criteria to enter a lease-purchase agreement are based on
housing regulations; these include a low-to-moderate income
requirement as well as ﬁnancial and criminal background checks.
Participants signed an informed consent document prior to
enrollment. This study was conducted with approval of the Case
Western Reserve University Institutional Review Board.
Participants completed a baseline questionnaire shortly before
they moved into the study home. A visual inspection of the home
was completed by study staff following renovation but before oc-
cupancy. Quarterly follow-up visits were scheduled with partici-
pants to ensure that they would be at their homes during the time
of the visit. At each follow-up visit study staff administered a
questionnaire to determine occupant-reported data, completed a
visual inspection of the home to document staff-reported obser-
vations, and measured indoor air quality in the living room/foyer,
kitchen, master bedroom, basement, and outside the home. A
timeline of data collection is shown in Fig. 1.Energy star
5
0.35
85
R10
R19
R38
d air barrier Thermal bypass checklist
Whole house exhaust
me homes also had
ater/heat coil system
>90% efﬁcient gas furnace,  40 k Btu
<16
50
home energy rating system.
Fig. 1. Dates of data collection for each house included in the study. Diamonds indicate Energy Star homes; squares indicate Deep Energy Retroﬁt homes.
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(median ¼ 18). Baseline data were not included in the present
analysis, as they were collected prior to when participants moved
into these homes. At one study visit, staff found the ventilation
system was malfunctioning. As these data were not representative
of the intended renovation they were excluded from analyses. In
total, up to 63 study visits (ES ¼ 38, DER ¼ 25) and up to 237
individual-room air quality measurements (ES ¼ 144, DER ¼ 93)
were used in analyses.
2.2. Data collection
House characteristics were assessed by study staff just after
renovation was completed. A certiﬁed home energy assessor
completed the Home Energy Rating System (HERS) index and air
tightness tests [37]. The HERS index was developed by Residential
Energy Services Network, a nonproﬁt organization, and is used
widely to assess energy efﬁciency in the United States, including
federal government users such as the United States Environmental
Protection Agency. A score of 100 indicates efﬁciency typical of a
newly-built home; a score of 130 indicates 30% less efﬁciency and a
score of 70 indicates 30% increased efﬁciency [37]. Trained study
staff used portable indoor air quality monitors to measure temper-
ature (T), relative humidity (RH), carbon dioxide (CO2), (TSI Veloc-
iCalc 9555withprobe982; TSI Incorporated; Shoreview,Minnesota)
as well as total volatile organic compounds (tVOCs) (ppbRAE 3000;
RAE Systems; San Jose, California, calibrated with isobutylene).
Range and precision of these measurements were T: 10 to
60 C, ± 0.3 C; RH: 0e95%, ± 3%; CO2: 0e5000 ppm, ± 3%
or ± 50 ppm; and tVOCs: 1 to 10,000 ppb. Instrumentation was
maintained and calibrated according to manufacturer instructions.
Instrumentswere placed on top of a short stepladder at an elevation
of four feet and datawere collected each second over a 9minperiod;
the median value was used as a “snapshot” of air quality conditions.
Both a participant questionnaire anda staff visual inspection form
were used to collect data during study visits: staff-administered
questionnaires were used to collect self-reported data from partici-
pants, whereas inspections reﬂected study staff observations. Both
the questionnaire and visual inspection were modiﬁed from those
used previously [38]. Some items, such as whether individuals were
smoking in the home, were included on both the questionnaire and
the inspection. In the questionnaire this was phrased as “In the past
three months, has anyone smoked cigarettes, cigars, or pipes inside
your home?”whereas in the inspection staff participantswere asked
“Is there evidence of smoking in the house?”Other data collected via the questionnaire included who was
living in the home, selected activities, and perceived comfort over
the past three month period at every visit. Temporary living ar-
rangements are not unusual for this population: 50% of the
households reported changes in household residents during the
study period. Demographic information collected includes: the
number, age, sex, and race/ethnicity of individuals living in the
home. Family members were categorized into adults (18 years
old) and children (<18 years old). Activities in the home included
presence of pets, use of incense/scented candles or space heaters,
and smoking by residents or visitors. Participants were also asked if
they used space heaters, humidiﬁers, or often left their windows
open. Occupant comfort was assessed by asking the participant a
series of questions to determine how frequently their home was
“too hot”, “too cold”, “drafty”, “stuffy”, “humid”, “dry”, or “just
right” over the past three months. Responses were recorded as
“often”, “sometimes” or “rarely”. Responses were categorized as
“often” and “sometimes/rarely” for analysis.
Trained study staff conducted a visual inspection of the home at
every study visit using a standardized checklist. The assessment
included questions designed to assess signs of ﬂooding, clutter,
pests, pets and smoking at the time of the study visit. Data for
smoking and pets were obtained both from the questionnaire as
well as the visual inspection; for analysis we created one variable
indicating their presence if this was reported either from the
questionnaire or inspection.
2.3. Statistical analysis
All data were analyzed using Stata 13.1 (StataCorp; College
Station, Texas). We used generalized estimating equation (GEE)
models, which account for the correlation within repeated mea-
surements for each home over time and provide estimates of the
average response across all homes [39]. As indoor air quality
measurements were taken in multiple rooms in each home, 2-level
multilevel (mixed) models were also considered to incorporate
repeated measurements over time and multiple measurements per
home; however, between-room variance was extremely small,
indicating that this additional component was not necessary to
describe relationships within the dataset [40].
Descriptive analyses were conducted to describe the cross-
sectional and longitudinal distributions of each variable. Distribu-
tions for CO2 and tVOCs were lognormal; therefore geometric
means are presented in results and regression models were tested
to determine if log-transformed versions of these variables
Table 2
Mean (95% conﬁdence interval) of post-renovation house characteristics.
House characteristic Deep energy reduction (N ¼ 6) Energy star (N ¼ 6) All (N ¼ 12)
Year built 1905 (1897, 1913) 1912 (1906, 1919) 1909 (1903, 1914)
Size of conditioned space (ft2) 2260 (2106, 2414) 2428 (2185, 2671) 2344 (2196, 2492)
HERS score 38.0 (35.0, 41.0) 71.3 (66.6, 76.0) 54.7 (43.3, 66.0)
cfm50 (ft3/minute) 623 (478, 768) 1658 (1042, 2274) 1141 (683, 1598)
12-month energy use (MM Btu) 83.8 (63.0, 104.6) 154.8 (116.6, 193.1) 119.3 (87.9, 150.7)
12-month energy use/space (MM Btu/ft2) 0.037 (0.027, 0.048) 0.063 (0.052, 0.075) 0.050 (0.039, 0.062)
HERS ¼ Home Energy Rating Scale; cfm50 ¼ airﬂow at a pressure difference of 50 Pa.
Values are mean (95% conﬁdence interval). Energy use estimates were based on 12 months of utility bills, adjusted for degree days. Energy use per square foot was calculated
using conditioned space post-renovation. Bold type indicates Fischer's exact test p < 0.05.
E.M. Wells et al. / Building and Environment 93 (2015) 331e338334provided improved model ﬁt. Indoor air quality parameters,
housing characteristics, and family characteristics were compared
with renovation type on a cross-sectional basis using Fisher's exact
tests. Cross-sectional bivariate comparisons of indoor air quality
parameters by room and by calendar month were also assessed.We
additionally created a psychrometric chart to compare observed air
quality with comfort recommendations described in ASHRAE
Standard 55e2013.
Multivariable linear or logistic GEE regression models were
constructed to assess the relationship between renovation type
with indoor air quality parameters (T, RH, CO2, and tVOCs) and self-
reported occupant comfort (too hot, too cold, just right). There was
very little between-renovation variability within “drafty”, “stuffy”,
“humid” or “dry”, so these outcomes were not included in multi-
variable analyses. We constructed an unadjusted and an adjusted
model which controlled for date/time (cubic spline or linear),
amount of conditioned space (quadratic), temperatureTable 3
Number (percent) of households reporting selected family characteristics and activities,
Family characteristic/activity Deep energy reduction (N ¼ 6)
Average size of household
2.0e3.0 people 4 (66.7)
3.1e5.0 people 0 (0.0)
> 5 people 2 (33.3)
Average# of adults/household
1.0 adult 5 (83.3)
1.1e1.9 adults 0 (0.0)
2.0 adults 0 (0.0)
> 2.0 adults 1 (16.7)
Average# of children/household
0.0e1.0 child 0 (0.0)
1.1 to 2.0 children 5 (83.3)
2.1 to 3.0 children 0 (0.0)
> 3 children 1 (16.7)
Average % males/household
8.0%e25.0% 2 (33.3)
25.1%e40.0% 2 (33.3)
40.1%e50.0% 1 (16.7)
> 50% 1 (16.7)
Used incense/scented candles
Never reported, N (%) 0 (0.0)
Sometimes reported, N (%) 4 (66.7)
Always reported, N (%) 2 (33.3)
Pet present
Never reported, N (%) 2 (33.3)
Sometimes reported, N (%) 1 (16.7)
Always reported, N (%) 3 (50.0)
Smoking occurred in home
Never reported, N (%) 2 (33.3)
Sometimes reported, N (%) 2 (33.3)
Always reported, N (%) 2 (33.3)
Windows open
Never reported, N (%) 0 (0.0)
Sometimes reported, N (%) 4 (66.7)
Always reported, N (%) 2 (33.3)
Data include multiple study visits per house. All values are reported by study participant e
participant or observed by study staff. Smokers were either household members or hou(continuous), relative humidity (continuous), self-reported family
size (continuous), self-reported percentage of males (continuous),
presence of pets (yes/no), presence of smokers (yes/no), use of in-
cense or scented candles (yes/no), self-reported frequency of
opening windows (ordinal: never/sometimes/frequently). All
covariates were time-varying except for the amount of conditioned
space. Use of space heaters, heating and air conditioning were
considered for inclusion, but not included due to the likelihood of
their colinearity with temperature. Results are presented as change
in air quality parameter or odds ratio for self-reported comfort
comparing DER homes to ES homes.
3. Results
Post-renovation home characteristics are presented in Table 2.
There was no signiﬁcant difference in home age or size of condi-
tioned space between the two renovation types; however, asby renovation status.
Energy star (N ¼ 6) All (N ¼ 12)
2 (33.3) 6 (50.0)
4 (66.7) 4 (33.3)
0 (0.0) 2 (16.7)
2 (33.3) 7 (58.3)
3 (50.0) 3 (25.0)
1 (16.7) 1 (8.3)
0 (0.0) 1 (8.3)
1 (16.7) 1 (8.3)
1 (16.7) 6 (50.0)
3 (50.0) 3 (25.0)
1 (16.7) 2 (16.7)
2 (33.3) 4 (33.3)
1 (16.7) 3 (25.0)
3 (50.0) 4 (33.3)
0 (0.0) 1 (8.3)
1 (16.7) 1 (8.3)
4 (66.7) 8 (66.7)
1 (16.7) 3 (25.0)
4 (66.7) 6 (50.0)
2 (33.3) 3 (25.0)
0 (0.0) 3 (25.0)
1 (16.7) 3 (25.0)
3 (50.0) 5 (41.7)
2 (33.3) 4 (33.3)
0 (0.0) 0 (0.0)
4 (66.7) 8 (66.7)
2 (33.3) 4 (33.3)
xcept for ‘have pet’ and ‘smoker present’ which were classiﬁed as ‘yes’ if reported by
sehold visitors.
Fig. 2. Geometric mean and 95% conﬁdence interval for temperature (C) (n
observations ¼ 237), relative humidity (%) (n ¼ 237), carbon dioxide (ppm) (n ¼ 237)
and total volatile organic compounds (VOCs) (ppb) (n ¼ 201); stratiﬁed by renovation
type, room, and month. ES ¼ energy star; DER ¼ deep energy reduction; LR ¼ living
room; KI ¼ kitchen; BR ¼ master bedroom; BA ¼ basement.
Table 4
Average difference (95% conﬁdence interval) for indoor air quality parameters in
DER compared to ES homes.
IAQ parameter N Unadjusted Adjusted
Temperature, C 237 0.80 (1.88, 0.29) 0.30 (1.21, 0.61)
Relative humidity, % 237 1.50 (1.42, 4.42) 0.38 (1.08, 1.83)
Carbon dioxide, ppm 237 71.4 (7.5, 150.2) 43.7 (18.8, 106.2)
Total VOCs, ppb 201 224 (140, 587) 198 (224, 620)
CI ¼ conﬁdence interval; C ¼ Celsius; CO2 ¼ carbon dioxide; tVOC ¼ total volatile
organic compounds. Models are linear generalized estimating equations (GEE) ac-
counting for correlation within homes; carbon monoxide uses a logistic function.
Models include observations from 12 houses, including multiple visits and mea-
surements from multiple rooms. Covariates were included as time-varying cova-
riates (assessed at every visit) with the exception of the amount of conditioned
space. Adjusted models controlled for date (cubic spline), amount of conditioned
space (quadratic), temperature (except for the temperature model), and relative
humidity (except for the relative humidity model), family size, proportion male,
presence of pets, presence of smokers, using incense/scented candles, and having
windows open. Italic type indicates p < 0.10, likelihood ratio test.
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the DER arm of the study, the point estimates for size indicate the
DER homes were somewhat smaller. There are fewer observations
for DER homes compared to ES homes, likely because it took longer
to complete the more comprehensive renovations in DER homes as
well as the fact that DER participants were more likely to be lost to
follow-up compared to participants living in ER homes. DER homes,
on average, had a 33.3 lower HERS index score, 1035 lower cubic
feet/minute airﬂow at a difference of 50 Pascale (cfm50) [35], and
used 71 MM Btu less energy over a 12-month period versus ES
homes, conﬁrming that DER homes were substantially more energy
efﬁcient.
Family characteristics and activities are reported in Table 3. We
did not observe any signiﬁcant differences in these characteristics
by renovation type. All of the families in the study were African
American; the majority were female, single-parent families.
3.1. Indoor air quality
The median and range of the 237 indoor air quality measure-
ments including all homes were T: 23.0 C (range: 15.2, 27.9), RH:
47.1% (22.0, 77.5), CO2: 716 ppm (476, 2284), and tVOCs: 346 ppb (0,
3279). A cross-sectional description of indoor air quality parame-
ters stratiﬁed by renovation type, room, and calendar month, is
shown in Fig. 2. There was little difference in air quality parameters
by room type. Temperature and relative humidity varied by season,
with higher measurements occurring during the summer.
Results from multivariable GEE models are presented in Table 4.
We did not observe any difference in T, RH, or tVOCs between
homes of different renovation types for any model. For CO2, we
observed a borderline signiﬁcant increase in the unadjusted model
but these changes were attenuated in the adjusted model.
3.2. Occupant comfort
A cross-sectional depiction of self-reported occupant comfort is
shown in Fig. 3. Overall, families generally reported favorably
regarding household conditions: 60.3% reported that their home as
often ‘just right’ during the past three months. With regards to less
favorable conditions, 19.4% reported their homes were often too
hot; 14.4% too cold; 5.1% too drafty; 4.9% too stuffy and 6.6% too dry.
There were no reports of homes being too humid. In the cross-
sectional analysis, those in DER homes were more likely to report
that their homes were too cold, and less likely to report that their
homes were too hot or just right.
This is consistent with the results from the multivariable GEE
models reported in Table 5. In these, participants living in DER
homes were 85% less likely (95% conﬁdence interval: 41%, 96%) to
report that their home was “just right”. These results are also
consistent with our measurements for temperature: the lowest
temperatures we recorded were from DER homes.
Temperature and associated relative humidity measurements
were plotted on a psychrometric chart (Fig. 4). Roughly 47 obser-
vations, or 19.8%, fall outside of the graphical comfort zone as
deﬁned by ASHRAE Standard 55. The majority (n ¼ 34, 14.3%)
suggest cold conditions; most often recorded in the living room.
4. Discussion
We renovated 12 low-income homes to an Energy Star or Deep
Energy Retroﬁt energy efﬁciency standard and followed residents
to assess indoor air quality and resident comfort for up to 24
months post-renovation. In models adjusted for both housing
characteristics and resident activities, we did not observe any sta-
tistically signiﬁcant difference in indoor air quality between the
Fig. 3. Mean and 95% conﬁdence interval for the percent reporting a speciﬁc comfort parameter, stratiﬁed by renovation type. N varies from 59e63 due to missing values.
Fig. 4. Psychrometric chart depicting 237 observations of comfort conditions in Energy
Star (N ¼ 144; light blue circles) and Deep Energy Reduction (N ¼ 93; dark blue
squares) homes. Winter and summer comfort zones, deﬁned by ASHRAE Standard 55,
are located within the green parallelogram. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 5
Odds ratio (95% CI) for self-reported comfort in DER compared to ES homes.
Comfort parameter N Unadjusted Adjusted
Too hot 61 0.24 (0.05, 1.08) 0.14 (0.01, 1.63)
Too cold 62 3.43 (0.89, 13.17) 2.74 (0.46, 16.24)
Just right 62 0.30 (0.07, 1.40) 0.15 (0.04, 0.59)
Models are generalized estimating equations (GEE) accounting for correlation
within homes, using a logistic function. Families living in 12 homes were included;
multiple visits were included in the dataset. Covariates are included as time-varying
covariates (assessed at every visit) with the exception of the amount of conditioned
space. Bold type indicates p < 0.05 and italic type indicates p < 0.10, likelihood ratio
test. Adjusted model controls for date, amount of conditioned space (quadratic),
temperature, and relative humidity, household size, proportion male, presence of
pets, presence of smokers, and using incense/scented candles and frequently having
windows open.
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energy efﬁcient homes were signiﬁcantly less likely to report that
the comfort of their home was “just right”.
On average, indoor CO, CO2, T, and RH concentrations were
consistent with or lower than published guidelines [32,41]; we
could not compare tVOCs with these guidelines, as the guidelines
exist for separate volatile organic compounds. Although on averageparameters met generally accepted standards for indoor air quality,
we did observe a fewmeasurements of elevated tVOCs and reduced
temperatures. Some individual measurements of tVOCs were sub-
stantially higher than the median value; this frequently correlated
with a staff observation of some activity (such as use of air fresh-
eners immediately prior to the study visit) that could result in the
introduction of VOCs into the home. Other studies have also re-
ported elevated concentrations of some VOCs following renova-
tions for energy efﬁciency [29,42].
Some measurements for temperature in this study were lower
than recommended values. Notably, themajority of thesewere only
recorded in one room but not the other rooms: there were only 5
out of 62 study visits where cold conditions were reported in
multiple rooms within a single house. A recent literature survey of
factors which contribute to occupant comfort concluded that
providing occupants' control of the indoor environment was
important; additionally thermal comfort took precedence over vi-
sual comfort, acoustic comfort, or IAQ [43]. This is consistent with
the discomfort reported by our participants on some occasions. We
did investigate the causes of these colder temperatures; issues
relating to this were addressed and are discussed in more detail
below.
Several environmental health studies on energy efﬁcient retro-
ﬁts have focused on measures of health [18e26] or housing con-
ditions other than indoor air quality [20,23]. Although our results
are not directly comparable to these studies, the fact that the ma-
jority of our measured air quality concentrations met published air
quality guidelines is consistent with these reports. Our results are
also consistent with studies which directly report air quality con-
centrations [19,22,29]. Energy efﬁcient housing developments in
Chicago were reported to have higher 24 h CO2 (839 and 777 ppm
vs. 635 ppm in controls), CO (0.43 and 0.44 ppm vs. 0.31 ppm in
controls), and tVOCs (93 and 64 ppb vs. 47 in controls) [22]. Our
estimates for CO2 were similar to this study, although we observed
substantially higher tVOC concentration; overall though, the
observation that more efﬁcient homes had slightly higher pollutant
concentrations reﬂects our observations. Colton et al. followed
residents in multifamily public housing in Boston; some residents
moved to energy efﬁcient buildings and others moved to conven-
tional buildings [19]. They reported that median CO2 in energy
efﬁcient buildings was 1208 ppm, which is comparable with our
observations. Additionally, they also report a non-statistically sig-
niﬁcant increase in CO2 in energy efﬁcient vs. conventional build-
ings [19], which is similar to our ﬁndings of a non-statistically
signiﬁcant increase in DER homes compared to ES homes. In a
different study, Derbez et al. measured air quality during summer
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cient homes in France; energy efﬁciency gains were similar to DER
homes in our study [29]. Their reported median temperature
(20.3e25.7 C, summer; 19e21.6 C, winter), relative humidity
(45e58%, summer; 29e34% winter), and carbon dioxide concen-
trations (351e811 ppm) are similar to our observations, including
increased T and RH concentrations during summer months [29].
After reviewing staff notes as well as measured indoor air
quality parameters, it seems likely that the reported occupant
discomfort with temperature in DER homes may be related to
initial difﬁculties with incorporating new heating system technol-
ogy. As noted earlier, half of the DER homes used unducted mini-
split heat pumps. These unducted heat pumps do not operate in
the same manner as conventional heaters: it takes a longer period
for a temperate adjustment on the thermostat to result in changed
conditions within the house. Additionally, backup heating systems
were not always installed or working correctly. It is possible that a
lack of familiarity with installation or maintenance personnel as
well as participants resulted in incomplete installation and/or use
of this technology, which could result in colder houses or houses
with more temperature variability.
On several occasions study staff identiﬁed problems with the
installation or operation of these units, which were immediately
corrected. To further investigate whether this may have been the
source of the discomfort reported by residents we conducted a
post-hoc analysis by rerunning models from Table 5 while
excluding homes that solely relied on the mini-splits and found no
difference in perceived comfort between the DER and ES homes
(data not shown). Difﬁculty in achieving energy savings or indoor
air quality goals due to a lack of education regarding new tech-
nology has been reported previously [29,44]. Walker et al. under-
took an education intervention among residents in newly
renovated energy efﬁcient units, and recommended that future
efforts include tailored education for residents and improved
oversight to ensure proper installation of equipment [44]; impor-
tance of training methodology was also emphasized elsewhere
[45]. Our staff incorporated informal training during the home vi-
sual inspections and discussed an informational pamphlet with
participants. However, it is possible that these efforts could have
been better tailored for our study population.
A limitation of this design is that we were not able to collect
robust data on occupant health; therefore a health evaluation was
not included in this analysis. We also do not have any measure-
ments from the housing previously occupied by our participants, or
from houses that did not undergo an intervention. This does not
affect the internal validity of this study. However, our data should
be interpreted accordingly as comparisons between two types of
energy efﬁciency renovations as opposed to comparing energy
efﬁcient homes with standard housing. The relatively short period
each observation represents (<10 min) is another weakness of this
research; the brevity of this measurements limits our capacity to
extrapolate results to other dates and times of day. As a result, our
results should be interpreted as initial evidence which recom-
mends the value of a similar study with a larger sample size and
increased time period of air sample collection.
This study has several strengths, including a multidisciplinary
research group and a focus on older, affordable single family
housing. The expense of conducting these renovations limits the
number of homes that can be included in studies of this type;
however, our longitudinal study design with repeated measure-
ments in each home allowed us to collect a sufﬁcient quantity of
data for statistical analyses. We also obtained time-varying data on
household characteristics in addition to indoor air quality, and had
more frequent follow-up visits than other studies. However,
perhaps the main strength of the study is its focus on the impact ofDER renovations in the context of affordable housing; these result
in greater energy efﬁciency thanmore commonly used ES or similar
guidelines and demonstrate that this energy use reduction can be
accomplished within a low-income population.
In conclusion, we found no differences in indoor air quality
between DER and ES homes. Our results suggest that it may be
possible to achieve greater reductions in greenhouse gas emissions
via residential energy efﬁciency renovations without degrading
indoor air quality; however this should be conﬁrmed in larger
studies. Our results also suggest that careful attention should be
paid to ensure sufﬁcient education of installation and maintenance
personnel as well as occupants, particularly when incorporating
novel technology or systems.
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